In plant-pathogen interaction, the plant hormone ABA can serve as a crucial modulator of plant responses to biotic as well as abiotic stress. Recent studies have identified pyrabactin resistance (PYR) 1/PYR1-like (PYL)/regulatory component of ABA receptor (RCAR) proteins as an ABA receptor that interacts with the protein phosphatase type 2C (PP2C) family. Here, we examined the functional involvement of ABA signaling components in pre-and post-invasive defense responses of Arabidopsis against the virulent pathogen Pseudomonas syringae pv. tomato (Pst) DC3000. Overexpression of the ABA receptor, RCAR3, enhanced susceptibility to Pst DC3000 by suppressing callose deposition and induction of salicylic acid (SA)-mediated pathogenesisrelated (PR) genes, such as PR1 and NPR1, after syringe infiltration. In contrast, a dip inoculation assay revealed that RCAR3-overexpression mutants inhibited stomatal reopening during Pst DC3000 infection and coronatine (COR) treatment, leading to enhanced resistance to Pst DC3000, which was not accompanied by differential expression of PR1 and NPR1 genes. As a negative regulator of ABA signaling, PP2CA interacted with RCAR3 and its loss-of-function and overexpression mutants revealed that ABA sensitivity was positively correlated with stomatal immunity, similar to RCAR3 overexpression mutants. Taken together, these results suggest that RCAR3-and PP2CA-mediated ABA signaling antagonistically or synergistically contributes to the plant immune system throughout different phases of Pst DC3000 attack by SA or COR signaling cross-talk.
Introduction
Plant leaf stomata are specialized structures of epidermal cells, consisting of a pair of guard cells that surround a tiny pore. Under normal conditions, plants make a trade-off between gas exchanges, mainly CO 2 and O 2 , for photosynthesis and water loss through regulation of stomatal opening/closure by the swelling and shrinking of the two guard cells. This change in stomatal pore size is triggered by adverse environmental conditions, such as drought, high salinity and pathogen attack . ABA serves as a signal molecule in response to several environmental factors and triggers changes in a number of physiological and developmental processes (Finkelstein et al. 2002 , Robert-Seilaniantz et al. 2007 ). Upon stress conditions, ABA levels are elevated in plants, especially leaves, leading to a number of responses, among which the best known is stomatal closure. The cellular and molecular mechanisms underlying ABA-induced stomatal closure have been studied extensively (Cutler et al. 2010 , Hubbard et al. 2010 . When the ABA level increases under water deficit conditions, anion efflux via anion channels induces depolarization and activation of outward K + channels (Ward et al. 2008 , Lee et al. 2009 , Kim et al. 2010 . Reduced ionic concentration in the cell causes water efflux and reduces guard cell volume, thereby leading to stomatal closure (Ward et al. 1995 , Wasilewska et al. 2008 .
There is ample experimental evidence demonstrating a key role for pyrabactin resistance (PYR) 1/PYR1-like (PYL)/regulatory component of the ABA receptor (RCAR) proteins (hereafter referred to as RCAR) in ABA-induced stomatal closure ). These proteins have been shown to function as ABA receptors in ABA signaling (Ma et al. 2009 , Santiago et al. 2009 ). RCARs belong to the superfamily of pathogenesis-related (PR) proteins of class 10 (PR10)/Bet V1/START lipid-binding proteins, which constitute a 14 member family in Arabidopsis thaliana (Ma et al. 2009 , Santiago et al. 2009 ). RCARs interact with clade A protein phosphatases type 2 C (PP2C), such as ABA-INSENSITIVE1 (ABI1), HYPERSENSITIVE TO ABA1 (HAB1) and PP2CA, which function as negative regulators of ABA signaling. When RCARs bind to ABA, they inhibit PP2C activity . Formation of the RCAR-ABA-PP2C complex facilitates ABA signal transduction by relieving PP2C-mediated inhibition of the downstream SnRK2 kinase ( (Melcher et al. 2009 , Miyazono et al. 2009 , Yin et al. 2009 ). As positive regulators of ABA signaling, PYL5-overexpressing (OX) mutants show enhanced sensitivity to ABA during the germination and root growth stages, and up-regulation of ABAresponsive genes RAB18 and RD29B (Santiago et al. 2009 ). In contrast, a quadruple mutant of pyr1/pyl1/pyl2/pyl4 is less sensitive to ABA during germination, root growth and ABAinduced stomatal closure . In addition, the RCAR family except RCAR7 activates ABA-responsive genes ). Based on the data obtained from b-glucuronidase (GUS) reporter gene analyses and public databases, however, their expression patterns are different and substantial functional differences can be expected .
Plants have evolved various resistance mechanisms to overcome pathogen attack. One of these mechanisms is to prevent pathogen invasion during the early stage of disease by detection of pathogens. In this aspect, modulation of stomata, a natural entry site for harmful pathogens, is important for disease resistance. Recent studies have revealed that stomata play a key role in innate immunity against bacterial pathogen invasion (Melotto et al. 2006 , Montillet et al. 2013 . In Arabidopsis, stomata restrict opening at 1-2 h after infection with the virulent pathogen Pseudomonas syringae pv. tomato (Pst) DC3000 and non-host Escherichia coli O157:H7, thereby preventing entry of the microbes and colonization in host tissue (Melotto et al. 2006) . Stomatal closure is induced by recognition of pathogen-associated molecular patterns (PAMPs), such as flg22 and bacterial lipopolysaccharides (Melotto et al. 2006 , Amborabe et al. 2008 , Cho et al. 2008 , Zeng and He 2010 . Stomatal closure establishes an important layer of PAMP-triggered immunity at the pre-invasive level. It has been suggested that ABA is one of the key regulators of stomatal defense (Zeng et al. 2011) . As an example, the ABA-deficient mutant, aba3-1, and the ABA signaling mutant, ost1-2, do not close stomata in response to Pst DC3000 or PAMPs (Melotto et al. 2006) . However, plants infected with Pst DC3000 display stomatal reopening 3 h after infection (Melotto et al. 2006) . One of the virulence factors secreted by Pst DC3000, coronatine (COR), not only induces stomatal reopening but also inhibits the ABA-mediated stomatal closure to overcome PAMP-triggered immunity and stomatal defense (Underwood et al. 2007 ). After inoculating the leaf surface with a COR-defective mutant of Pst, aba3-1 and ost1-2 mutants were more susceptible than wild-type (WT) plants (Melotto et al. 2006) . In addition to stomatal reopening, the Pst DC3000 infection allowed plants to show a partial impairment of ABA-induced gene regulation during the early stage of infection (Kim et al. 2010) . Based on these findings, ABA acts as positive regulator in plant innate immunity, but the precise function of ABA signaling components on PAMP-triggered immunity has not been elucidated.
The role of ABA in plant-pathogen interaction differs according to the pathogen type, its specific way of invading the host cells and the timing of defense response (Ton et al. 2009 ). ABA can adversely function as a negative regulator in the defense response of Arabidopsis against Pseudomonas syringae infection. Arabidopsis leaves pre-treated with ABA showed enhanced bacterial growth after hand infiltration with virulent Pst, and application of ABA via root uptake also increased bacterial growth in Arabidopsis leaves infected with an avirulent Pst 1065 Cahill 2003, Fan et al. 2009 ). Consistently, ABA-insensitive mutants, abi1-1 and abi2-1, exhibited enhanced resistance to Pst inoculated by syringe infiltration, whereas the ABA-hypersensitive mutant enhanced response to abscisic acid 1 (era1) exhibited enhanced susceptibility (de Torres-Zabala et al. 2007 , Goritschnig et al. 2008 ). This promotion of disease susceptibility by ABA may be associated with the antagonistic relationship with salicylic acid (SA) that is necessary for mounting the full defense response. ABA biosynthesis is activated by bacterial effectors and then ABA inhibits SA biosynthesis and SA-mediated defenses triggered by Pst infection (de Torres Zabala et al. 2009 ). These findings suggest that ABA acts as a negative regulator in plant innate immunity.
Recently, RCAR3 was identified as the cytosolic ABA receptor that interacts with the PP2Cs, including ABI1 and ABI2 in both the cytosol and the nucleus (Saavedra et al. 2010 , Szostkiewicz et al. 2010 . In Arabidopsis seedlings, the RCAR3 gene is predominantly expressed in guard cells, vascular tissue of the leaves and in the vascular bundle of the primary root . The rcar3 mutant exhibits reduced ABA sensitivity in roots and overcomes inhibition of root growth by ABA (Szostkiewicz et al. 2010 , Antoni et al. 2013 . In this study, we generated RCAR3-OX transgenic plants that were hypersensitive to ABA compared with the WT. Using this mutant, we examined how ABA hypersensitivity in RCAR3 overexpressors affects the defense response to Pst DC3000 infection through syringe infiltration and dip inoculation methods. In addition, we analyzed the functions of RCAR3 and its interacting protein PP2CA in stomatal defense against Pst DC3000. Our findings indicate that Arabidopsis RCAR3-and PP2CA-mediated ABA signaling positively or negatively regulates pre-and post-invasive defense response against Pst DC3000.
Results

Physical interaction of RCAR3 with PP2CA
Previous studies have shown that RCAR3 was initially identified in a screen for an interacting partner with ABI1 and ABI2, and RCAR3 was also shown to interact with other A-type PP2Cs including HAB1, HAB2 and PP2CA using TAP experiments (Szostkiewicz et al. 2010 , Antoni et al. 2013 . In this study, we performed yeast two-hybrid analysis to screen for protein-protein interactions between RCAR3 and PP2CA. Fig. 1A shows that RCAR3 physically interacted with PP2CA in the absence of ABA. ABA promoted and intensified the interactions between PP2Cs and RCARs, as shown in previous studies (Antoni et al. 2013 ). Based on these findings, we expected that interactions between RCAR3 and PP2CA would occur or be strengthened in the presence of ABA. However, addition of 10 mM ABA to the selection medium did not affect the interaction between them.
The specific interaction between RCAR3 with PP2CA was verified by the bimolecular fluorescence complementation (BiFC) assay (Fig. 1B) . An Agrobacterium-mediated transient expression assay in Nicotiana benthamiana leaves was performed to confirm the interaction of these two proteins. Consistent with the data reported previously (Saavedra et al. 2010 ), RCAR3-green fluorescent protein (GFP) was localized to the cytoplasm and the nucleus, while the PP2CA-GFP fusion protein was localized only to the nucleus ( Supplementary Fig.  S1 ). Co-expression of RCAR3:SPYNE with PP2CA:SPYCE resulted in yellow fluorescence only in the nucleus with or without ABA, coincident with 4 0 ,6-diamidino-2-phenylindole (DAPI) staining. This result also supports the yeast two-hybrid assay and provides evidence for a physical interaction between the RCAR3 and PP2CA proteins in planta. In addition, it suggests that the RCAR3 and PP2C proteins are targeted to the nucleus where they regulate gene expression (Yoshida et al. 2006) .
Expression pattern of RCAR3 and PP2CA in response to Pst DC3000 infection RCARs and PP2Cs are core components in the ABA signaling pathway ( , Ma et al. 2009 ). ABA signaling is widely involved in Arabidopsis-P. syringae interactions. ABA-mediated stomatal closure occurs to block bacterial entry at the pre-invasive, stages and P. syringae type III effectors (T3Es) target ABA biosynthesis and the signaling pathway to inhibit the plant defense response at post-invasive stages (Melotto et al. 2006 , de TorresZabala et al. 2007 ). Based on these observations, we carried out quantitative reverse transcription-PCR (qRT-PCR) analysis to examine how the inoculation with Pst DC3000 affects expression of the RCAR3 and PP2CA genes. As a positive control, PR1 gene expression was induced gradually regardless of the inoculation method. The RCAR3 gene expression level clearly decreased following syringe infiltration with Pst DC3000, whereas that of PP2CA gradually increased from 12 to 24 hours post-inoculation (hpi) (Fig. 2) . The other PP2Cs such as Hypersensitive to ABA1 (HAB1), ABA-Hypersensitive Germination 1 (AHG1) and AKT1 Interacting Protein phosphatase 1 (AIP1) also showed a similar expression pattern in response to Pst DC3000 ( Supplementary Fig. S2A ). In contrast, these changes in expression level of RCAR3 and PP2C genes were not observed in Arabidopsis leaves following dip inoculation with Pst DC3000 ( Fig. 2; Supplementary Fig. S2B ).
Enhanced susceptibility of RCAR3-OX transgenic plants upon syringe infiltration with Pseudomonas syringae pv. tomato DC3000 Our previous study reported that transgenic Arabidopsis plants overexpressing the RCAR3 gene are highly sensitive to ABA during germination, root growth and seedling establishment . To determine whether this RCAR3 overexpression affects disease responses to Pst DC3000 which is virulent to Arabidopsis Col-0 plants and causes symptoms similar to bacterial speck disease of tomato (Whalen et al. 1991) , we inoculated WT and RCAR3-OX transgenic plants with a suspension of Pst DC3000 (10 6 cells ml -1
) by the syringe infiltration method, and the progress of infection was observed over 3 d (Fig. 3A) . As shown in Fig. 3A , WT plants did not exhibit macroscopic visible signs of infection. In contrast, RCAR3-OX plants displayed chlorotic symptoms compared with WT plants, indicating a high susceptibility to this pathogen. To confirm whether disease symptoms reflect bacterial proliferation inside the plants, bacterial growth was measured in WT and RCAR3-OX plants 3 days post-inoculation (dpi; Fig. 3B ). Consistent with the visible symptoms, RCAR3-OX plants exhibited significantly higher bacterial proliferation than that WT plants at 3 dpi. In an attempt to better understand disease susceptibility of RCAR3-OX plants, qRT-PCR was used to examine the expression levels of PR1 and Nonexpressor of PR1 (NPR1), which are associated with the SAdependent pathway, and lipoxygenase 1 (LOX1), which is related to the jasmonic acid-dependent pathway. Elevated expression of these marker genes such PR1 and NPR1 is often associated with enhanced disease resistance in Arabidopsis (Rogers and Ausubel 1997) . Following infection with Pst DC3000, the PR1 and NPR1 expression levels were induced more in WT plants than in RCAR3-OX plants, whereas the LOX1 transcript levels were similar in WT and transgenic plants (Fig. 3C ). These results indicate that ABA hypersensitivity caused by RCAR3 overexpression exerts a negative effect on disease resistance by inhibiting activation of SA-dependent defense genes.
Callose deposition at the site of attempted infection is an example of an induced defense response in Arabidopsis upon bacterial and fungal pathogen attack (Flors et al. 2005) . Although the function of ABA in pathogen-induced callose deposition is controversial, two previous studies have shown that ABA suppresses callose deposition in response to Pst infection and treatment with the bacterial PAMP flagellin (de Torres-Zabala et al. 2007 , Clay et al. 2009 , Luna et al. 2011 ). Based on these findings, we quantified the level of callose deposition in both plants 12 h after treatment with flg22 to determine whether disease susceptibility of RCAR3-OX plants is associated with suppression of callose deposition by ABA hypersensitivity (Fig. 3D) . The average numbers of callose deposits were 1.4-2.8 times less in RCAR3-OX plants than in WT plants. Next, we examined the expression level of flg22-inducible genes, such as FLG22-INDUCED RECEPTOR-LIKE KINASE 1 (FRK1) and NONHOST RESISTANCE 1 (NHO1) that are involved in basal defense and whose expression is suppressed by Pst DC3000 (Kang et al. 2003 , Li et al. 2005 ). FRK1 and NHO1 gene transcripts were significantly accumulated 2 h after treatment with flg22 (Fig. 3E) , and RCAR3-OX plants exhibited lower levels of FRK1 and NHO1 gene expression than WT plants, consistent with low levels of callose deposition. These presumably lead to the enhanced susceptibility of the RCAR3-OX plants.
Enhanced resistance of RCAR3-OX transgenic plants upon dip inoculation with Pseudomonas syringae pv. tomato DC3000 Next, we inoculated WT and RCAR3-OX plants with Pst DC3000 using the dipping method to examine the disease response at the pre-invasive level. Syringe infiltration is a widely used inoculation method, but could by-pass pre-invasive defense mechanisms such as rapid closure of stomata. Previous studies have shown that stomata are a major route of bacterial pathogen entry into the plant and that stomatal immunity serves as the first defense barrier against bacterial pathogens (Melotto et al. 2006 , Melotto et al. 2008 . It is well known that ABA signaling is responsible for pathogen-triggered stomatal closure (Melotto et al. 2006) . As a core component in ABA signaling, it is possible that RCAR3 is involved in stomatal closure in response to biotic stresses as well as abiotic stresses. If RCAR3 plays a positive role in the regulation of stomatal closure in response to pathogen inoculation, RCAR3-OX plants would Fig. 2 Relative expression of RCAR3 and PP2C genes in leaves of WT plants after syringe infiltration (upper) and dip inoculation (bottom) with Pseudomonas syringae pv. tomato DC3000. Leaf tissues were harvested at the given time points after a syringe infiltration (10 6 cells ml -1 ) or dip inoculation (10 6 cells ml -1 ) with Pst DC3000 and were subjected to RNA extraction. Expression levels of the genes were normalized with those of Actin8 and compared with the value for mock-treated leaves. The PR1 gene was used as a positive control. Data are the means ± SE from three independent experiments. hpi, hours post-inoculation; dpi, days post-inoculation.
show enhanced resistance to the bacterial pathogen. To test this hypothesis, we inoculated WT and RCAR3-OX plants with Pst DC3000 using the dip inoculation method with or without ABA treatment (Fig. 4) . As shown in Fig. 4A , RCAR3-OX plants exhibited fewer chlorotic symptoms compared with WT plants in both the absence and presence of ABA, indicating enhanced resistance to Pst DC3000. To confirm that these disease symptoms reflect bacterial multiplication inside the plant leaves, ) with SEs below the images (scale bar = 100 mm). (E) Relative expression of flg22-inducible genes in leaves of RCAR3-OX mutants and WT plants after treatment with flg22 (10 mM). Expression levels of the genes were normalized with those of Actin8 and compared with the value for mock-treated leaves. Values are the means ± SE from three independent experiments. Statistical analysis was performed with ANOVA (P < 0.05), and significant differences between the WT and mutant are indicated by different letters and asterisks. hpi, hours postinoculation; dpi, days post-inoculation.
bacterial growth was assayed in WT and RCAR3-OX plants at 3 dpi (Fig. 4B) . The bacterial population at the inoculation site of the WT leaves infected with Pst DC3000 was approximately 6-to 12-fold higher than that of transgenic plants in the absence of ABA. After pre-treatment with ABA for 2 h, bacterial growth in both the WT and RCAR3-OX plants decreased, but RCAR3-OX plants still exhibited significantly lower levels of bacterial growth compared with WT plants.
To investigate whether this enhanced resistance against Pst DC3000 in RCAR3-OX plants is related to SA-dependent PR gene expression, we compared the PR1 and NPR1 expression levels in RCAR3-OX and WT plants in response to dip inoculation with Pst DC3000 (Fig. 4C) . The expression levels of these genes were not significantly different in WT and transgenic plants. Similarly, the LOX gene, which is required to trigger stomatal closure in response to Pst DC3000 (Montillet et al. 2013 ), was also not differentially induced between WT and transgenic plants. These data indicate that the SA-dependent defense pathway did not contribute to enhanced disease resistance of RCAR3-OX plants after dip inoculation with Pst DC3000.
Inhibition of coronatine-induced stomatal reopening in RCAR3-OX plants upon dip inoculation with Pst DC3000
Previous studies have shown that plants can close stomata in response to PAMPs (1 hpi), while a pathogen can reopen stomata to facilitate pathogen entry into the host plant (3 hpi) in Arabidopsis (Melotto et al. 2006) . To ascertain that stomatal closure has a critical role in resistance in RCAR3-OX plants, we measured the size of stomatal pores at these key time points after dip inoculation with Pst DC3000 (Fig. 5A) . When leaf peels of WT and RCAR3-OX plants were treated with a Pst DC3000 suspension at 10 8 cells ml -1
, >90% of stomata counted in WT and RCAR3-OX plants were closed at 1 hpi and no significant difference was observed in the size of the stomatal pores (Fig. 5A) . However, the size of stomatal pores increased more dramatically at 3 hpi in WT plants than in RCAR3-OX plants. This raised the possibility that suppression of Pst DC3000-induced stomatal reopening in RCAR3-OX plants is caused by ABA hypersensitivity. To confirm this, we analyzed the expression level of four genes involved in ABA biosynthesis as well as ABA signaling, i.e. ABA-RESPONSIVE ELEMENT BINDING FACTOR 2 (ABF2), RESPONSE TO DEHYDRATION 29B (RD29B), 9-CIS-EP-OXYCAROTENOID DIOXYGENASE 3 (NCED3) and 9-CIS-EP-OXYCAROTENOID DIOXYGENASE 5 (NCED5), at two time points of 1 and 3 hpi. qRT-PCR analysis showed that the four gene transcripts clearly accumulated in RCAR3-OX, but not in WT, plants at 3 hpi. No obvious difference was observed in expression of the four genes between the two plant lines at 1 hpi (Fig. 5B) . Next, we measured stomatal aperture in response to flg22 and COR, which are a bacterial PAMP and phytotoxin, respectively. When treated with only flg22 (5 mM) or COR (0.5 ng ml ). At 3 d after inoculation, the pictures of representative plants showing disease symptoms were taken (A) and bacterial growth was measured from each plant (B). (C) Relative expression of PR genes in leaves of RCAR3-OX mutants and WT plants after dip inoculation with Pst DC3000 (10 8 cells ml -1 ). Expression levels of the genes were normalized with those of Actin8 and compared with the value for mock-treated leaves. Values are the means ± SE from three independent experiments. Statistical analysis was performed with ANOVA for B and t-test for C (P < 0.05), and significant differences between the WT and mutant are indicated by different letters. hpi, hours post-inoculation. plants showed no difference in the size of stomatal pores ( Fig  5C) . To induce COR-mediated reopening of stomata which are closed by flg22, leaf peels of WT and RCAR3-OX plants were initially pre-treated with flg22 for 2 h. Following treatment with COR for 3 h, the stomata of WT plants were more open than those in the RCAR3-OX plants (Fig. 5C ), indicating that COR did not efficiently reopen closed stomata in the RCAR3-OX plants. PAMP-induced stomatal closure is connected with the ABA signal transduction pathway in the guard cell and is inhibited by COR (Melotto et al. 2006) . To determine whether COR also interferes with ABA-induced stomatal closure in RCAR3-OX plants, we treated them with ABA in the absence or presence of COR (Fig. 5D) . As expected, ABA-induced stomatal closure was observed in both WT and RCAR3-OX plants in a dose-dependent manner and RCAR3-OX plants had more closed stomata than the WT in the absence of COR. Application of COR significantly blocked ABA-induced stomatal closure in the WT, and the pore sizes measured in the leaves treated even with 15 mM ABA increased up to 2-fold compared with those in the absence of COR (Fig. 5D) . However, RCAR3-OX mutants did not show any significant alteration of the pore sizes after COR treatment. These results indicate that ABA hypersensitivity of RCAR3-OX plants enhanced resistance against Pst DC3000 at the pre-invasive stage by blocking COR-mediated stomatal reopening. Expression levels of the genes were normalized with those of Actin8 and compared with the value for mock-treated leaves. (C) Effect of COR on flg22-triggerred stomatal closure in RCAR3-OX mutants. Stomatal apertures were measured from leaf peels of RCAR3-OX mutants and WT plants treated with SOS buffer (control), flg22 (5 mM) or COR (0.5 ng ml -1 ) for 3 h. For flg22 + COR, leaf peels were pre-incubated with flg22 for 1 h and further incubated with COR for 3 h. (D) Effect of COR on ABA-induced stomatal closure in RCAR3-OX mutants. Stomatal apertures were measured from leaf peels of RCAR3-OX mutants and WT plants treated with ABA (5 and 15 mM) for 2 h (left). For +COR (right), leaf peels were incubated with COR (0.5 ng ml -1 ) for 1 h before ABA treatment. SOS buffer was used as control. Values are the means ± SE from three independent experiments. Statistical analysis was performed with ANOVA for A and t-test for B-D (P < 0.05), and significant differences between the WT and mutant are indicated by asterisks and different letters. hpi, hours post-inoculation.
Involvement of PP2CA-mediated ABA signaling in the regulation of stomatal immunity against Pst DC3000
To gain further insight into the involvement of the ABA signaling pathway in stomatal defense against Pst DC3000, we analyzed the function of PP2CA, one of the RCAR3-interacting proteins, in stomatal regulation in response to Pst DC3000 infection in PP2CA-OX and pp2ca mutants. As mentioned above, these mutants showed ABA hypo-or hypersensitivity during germination and root growth ( Supplementary Figs. S4, S5 ). This pattern was also observed when we measured stomatal aperture in response to ABA (Supplementary Fig. S6 ). After treatment with 10 mM ABA, most stomata were closed in all plants and the WT pore sizes were larger than those of ABAhypersensitive pp2ca mutants but smaller than those of ABAhyposensitive PP2CA-OX mutants. Based on these results, we initially measured bacterial growth in pp2ca knock-out and PP2CA-OX mutants after infection with Pst DC3000 using the dipping method. The bacterial population in the leaves of the two pp2ca lines was approximately 4-fold lower than that in the WT, whereas PP2CA-OX mutants showed a slight, but not statistically significant, increase of bacterial growth (Fig.  6A) . Similar to that observed in RCAR3-OX, this difference was reflected by the stomatal state in response to Pst DC3000 infection. The size of stomatal pores in all plants used declined significantly at 1 hpi, compared with those in leaves of non-infected plants, although PP2CA-OX mutants exhibited less stomatal closure than the others (Fig. 6B) . Pst DC3000-induced stomatal reopening took place in the WT and PP2CA-OX mutants at 3 hpi, but the pore sizes were still larger in PP2CA-OX than in WT plants. In contrast, in pp2ca-1 and pp2ca-2 most of the stomata were closed. This suppression of stomatal reopening in pp2ca mutants was also observed after treatment with flg22 + COR (Fig. 6C) or ABA + COR (Fig. 6D) . Compared with WT and PP2CA-OX plants, the pore sizes in pp2ca mutants were quite similar to those observed after treatment with ABA or flg22. These data suggest that, together with RCAR3, PP2CA-mediated ABA signaling plays a critical role in stomatal immunity in guard cells.
Discussion
Using Arabidopsis mutants defective in ABA biosynthesis and signaling, many studies have indicated that ABA, as a crucial modulator of plant defense responses, plays a synergistic or antagonistic role depending on the plant-pathogen association analyzed, including the pathogen type, its specific way of invading the host cells, the timing of the defense response and the type of affected plant tissue (Asselbergh et al. 2008 , Ton et al. 2009 , Cao et al. 2011 , Feng et al. 2012 , Xu et al. 2013 . Recently, RCARs were identified as ABA receptors in ABA signaling, which interact with and inhibit group A PP2Cs such as ABI1, HAB1 and PP2CA, known to be negative regulators of ABA signaling (Ma et al. 2009 , Santiago et al. 2009 ). Here, we characterized the function of the ABA signaling core components, RCAR3 and PP2CA, in plant defense responses against Pst DC3000 by using OX and knock-out mutants. Our results reveal involvement of RCAR3-and PP2CA-mediated ABA signaling during the Arabidopsis-Pst DC3000 interaction.
Our previous studies showed that overexpression of ABA receptors such as RCAR2 and RCAR3 enhances ABA sensitivity in physiological and developmental processes . As ABA has a primary function in response to abiotic stress, these ABA-hypersensitive mutants were more resistant to drought stress than WT plants. We additionally found that ABA hypersensitivity of the RCAR3-OX mutant altered the defense response to Pst DC3000, and the final outcome was determined by inoculation methods. First of all, syringe infiltration with Pst DC3000 enhanced the susceptibility of RCAR3-OX mutants, compared with the WT (Fig. 3) . Similarly, Pst DC3000 multiplied up to 30-fold higher in the ABA-hypersensitive mutants, abi1-1sup5 and abi1-1sup7, than in the WT, but was 20-to 80-fold lower in the ABA-insensitive abi1-1 and abi2-1 mutants and the 35S::HAB1 transgenic line than in the WT (de Torres-Zabala et al. 2007 ). In addition to ABA sensitivity, the ABA level is positively correlated with susceptibility to Pst DC3000. ABA-deficient mutants show restriction of Pst DC3000 multiplication compared with the WT (de TorresZabala et al. 2007) . A bacterial infection promotes ABA biosynthesis in Arabidopsis, which is mediated by P. syringae T3Es such as AvrPtoB (Schmelz et al. 2003 , de Torres-Zabala et al. 2007 ). These findings indicate that disease susceptibility to Pst DC3000 is determined by the ABA level and ABA sensitivity which may be targeted by P. syringae T3Es.
Arabidopsis exhibits PAMP-triggered immunity against Pst DC3000 during the post-invasive stage Dangl 2006, Truman et al. 2006) . One of the resistance responses, callose deposition, functions as a physical barrier to retard invading pathogens (Truman et al. 2006) . Previous studies have suggested that the ABA level and ABA sensitivity affect callose depostition, leading to an effect on disease resistance. Similarly to RCAR3-OX plants, ABA-insensitivite abi1-1 and abi2-1 mutants and the 35S::HAB1 transgenic line display augmented callose deposition against Pst DC3000 (de TorresZabala et al. 2007 ). In addition, ABA promotes virulence of a pathogen by down-regulating SA biosynthesis and SAmediated defences. It is well known that SA mediates the plant defense response against biotrophic and hemibiotrophic pathogens, and induces systemic acquired resistance (Glazebrook 2005) . Several studies suggest an antagonistic interaction between ABA and SA in plant defense response (Audenaert et al. 2002, Mohr and Cahill 2007) . In these aspects, suppression of SA-dependent PR1 and NPR1 expression in RCAR3-OX plants was attributed to its hypersensitivity to ABA (Supplementaty Fig. S3 ; Lim et al. 2013) , which leads to enhanced susceptibility in comparison with the WT.
In contrast to the post-invasive stage, ABA appears to be a positive regulator during the pre-invasive stage. To examine this, we applied a dip inoculation method that mimics the natural infection process of P. syringae in which bacteria enter host tissues via natural openings such as stomata or wounds, while syringe infiltration forces bacteria into the apoplast (Ishiga et al. 2011) . Following dip inoculation with Pst DC3000, RCAR3-OX mutants exhibited enhanced resistance against Pst DC3000 compared with the WT, even following pre-treatment with exogenous ABA (Fig. 4A, B) . These findings were similarly observed in other ABA-hypersensitive mutants; pp2ca, abi1TD, abi2TD, hab1 and ahg1 interacted with RCAR3 ( Fig. 6A; Supplementary Figs. S7, S8 ) (Santiago et al. 2009 , Szostkiewicz et al. 2010 . Interestingly, the enhanced resistance of RCAR3-OX plants was not accompanied by any differential expression of PR genes (Fig. 4C) , unlike the data shown by syringe infiltration (Fig. 3C) . Although the mechansim underlying this difference remains unclear, these data suggested that overexpression of RCAR3 confers disease reistance upstream of SA-mediated defense, such as stomatal modulation.
In response to pathogen attack, the host plant triggers stomatal closure to prevent bacterial entry by recognizing PAMPs from P. syringae within 1 hpi, requiring ABA biosynthesis and ABA signaling in guard cells (Melotto et al. 2006 , Cao et al. 2011 ). This PAMP-induced stomatal defense is compromised by the phytotoxin COR, a virulence factor produced by Pst DC3000, which promotes stomatal reopening within 3 hpi to facilitate furthur invasion (Brooks et al. 2005) . We initially expected that stomata would close rapidly in RCAR3-OX and pp2ca mutants due to Pst DC3000 and PAMP, compared with the WT, because ABA-induced stomatal closure is more severe in these mutants ( Fig. 5D; Supplementary Fig. S6 ). However, there was no significant difference in stomatal aperture between the mutants and the WT at 1 hpi with Pst DC3000 (Figs. 5A, 6B ) and treatment with flg22 (Figs. 5C, 6C ). Unlike bacterial-and PAMP-induced stomatal closure, RCAR3-OX and pp2ca mutants showed that COR did not effectively reopen stomata closed by flg22 and Pst DC3000 at 3 hpi, compared with the WT (Figs. 5A, C, 6B, C) . COR counteracts PAMPinduced stomatal closure downstream of ABA, in particular reactive oxygen species production, and reverses the inhibitory effects of flg22 on both inward K + channels of guard cells and stomatal opening (Desclos-Theveniau et al. 2012) . Intriguingly, RCAR3-OX and pp2ca mutants exhibited higher accumulation of ABF2, RD29B, NCED3 and NCED5 transcripts than the WT ) for 1 h before ABA treatment. Values are the means ± SE from three independent experiments. Statistical analysis was performed with ANOVA (P < 0.05) and significant differences between the WT and mutant are indicated by different letters. hpi, hours post-inoculation.
( Fig. 5B; Supplementary Fig. S9 ). Although NCED3 and NCED5 are key ABA biosynthetic enzymes, expression of these genes is also induced by ABA (Barrero et al. 2006 , Planchet et al. 2011 ) as endogenous and exogenous ABA positively regulates expression of many ABA biosynthesis-related genes (Cheng et al. 2002 , Xiong et al. 2002 . These results suggest that ABA hypersensitivity in the RCAR3-OX and pp2ca mutants contributes to restriction of bacterial invasion by inhibiting COR-mediated stomatal reopening, supported by a competition experiment showing the antagonistic interaction between ABA and COR (Figs. 5D, 6D ).
In conclusion, this study examined the function of ABA signaling components in defense response at the pre-and post-invasive stages using both dip and syringe inoculation methods. The dip inoculation assays revealed that blocking pathogen entry by ABA signaling component-induced stomatal closure was a very effective defense mechanism against bacterial pathogens. In contrast, the syringe inoculation assays showed that ABA signaling inhibited the SA signal pathway, leading to failure of appropriate defense responses. These data suggest that RCAR3 and PP2CA, upstream of OST1 kinase in the ABA signal transduction pathway, are positively or negatively involved in PAMP-triggered immunity as well as effector-triggered immunity. However, it is possible that RCAR3 does not function solely and/or directly in these defense responses, since we examined transgenic plants with overexpression of RCAR3, not its loss-of-function mutant, and RCAR constitutes a 14 member family in the Arabidopsis genome. Overexpression of another RCAR, RCAR2, which interacted with PP2CA, showed similar patterns to those of RCAR3 overexpression, although its inhibitory effect was not better than that of RCAR3 during the post-invasive stage ( Supplementary  Fig. S10 ). In this regard, it would be worth examining further which RCARs function better in defense response against Pst DC3000. Moreover, this study provides evidence to support the multifaceted role of ABA in the Arabidopsis-P. syringae interaction, as suggested by some previous studies. Further studies are needed to understand why there is no antagonistic interaction between ABA and SA after dip inoculation with Pst DC3000 and how COR interferes with ABA signaling during stomatal reopening. Approaches to evaluate this cross-talk between ABA and other hormones or molecules will help to better understand the plant defense response to pathogens during the process of natural infection.
Materials and Methods
Plant material and growth conditions
Arabidopsis thaliana (ecotype Col-0) and Nicotiana benthamiana plants were routinely grown at a 9 : 1 : 1 ratio of peat moss, perlite and vermiculite under fluorescent light (130 mmol photons m À2 s
À1
) at 24 C with 60% humidity and a 16 h light/8 h dark cycle. Arabidopsis seeds were surface sterilized with 70% ethanol for 1 min prior to in vitro culture. After treatment with 2% sodium hydroxide for 10 min, they were washed 10 times in sterile distilled water and finally sown on MS (Murashige and Skoog 1962) agar (Sigma) supplemented with 1% sucrose. Plates were kept at 4 C for 2 days for seed stratification and transferred into a growth chamber at 24
C with 16 h light/8 h dark cycle. Seeds of two pp2ca insertion lines, SALK_124564 and SALK_134059, were obtained from the Arabidopsis Biological Resource Center.
Yeast two-hybrid assay
The cDNA fragments of RCAR3 and PP2CA were amplified by PCR and cloned into the pGBKT7 and pGADGH vectors, respectively. The bait and prey constructs were introduced into yeast strain AH109 according to the lithium acetatemediated transformation method (Ito et al. 1983 ). Yeast two-hybrid assays were carried out as described previously (Lee et al. 2007 ). Transformants were selected in SC-leucine-tryptophan (SC-LT) medium and transferred to the interaction selection medium (SC-adenine-leucine-tryptophan-histidine; ALTH) to score growth as an indicator of protein-protein interaction. Exponentially grown yeast cells were harvested and adjusted to OD 600 = 0.5 with sterilized doubledistilled water. Each 5 ml of yeast cell culture was spotted onto SC-LT medium and SC-ALTH medium containing 0 or 10 mM ABA (Sigma).
BiFC assay
Full-length cDNAs of RCAR3 and PP2CA without a stop codon were subcloned via SpeI/SalI into 35S-SPYNE(R)173 and 35S-SPYCE(M) vectors to generate the BiFC constructs (Waadt et al. 2008) . For transient expression, the Agrobacterium tumefaciens strain GV3101 harboring each construct was mixed with the p19 strain to avoid gene silencing and infiltrated into the abaxial side of 5-week-old N. benthamiana leaves using a 1 ml needle-less syringe. For microscopic analyses, leaf discs were cut 4 dpi. The lower epidermis cells were analyzed by confocal microscopy (model Zeiss 510 UV/Vis Meta) operated with LSM Image Browser software.
Generation of transgenic RCAR3-and PP2CA-overexpressing mutants
Full-length RCAR3 and PP2CA cDNAs were cloned into the pENTR/D-TOPO vector (Invitrogen). After sequencing, the cloned genes were integrated into pK2GW7 by the LR reaction to induce constitutive expression of the RCAR3 or PP2CA genes under the control of the Cauliflower mosaic virus 35S promoter (Karimi et al. 2002) . The correct construct was introduced into the A. tumefaciens strain GV3101 via electroporation. Arabidopsis transformation with the RCAR3 or PP2CA gene was carried out using the floral dip method (Clough and Bent 1998) . For selection of transgenic lines, seeds harvested from the putative transformed plants were plated on MS agar plates containing 50 mg ml -1 kanamycin.
Bacterial growth assay
The virulent pathogen Pst DC3000 was used in this study. Bacterial cells were grown overnight in King's B medium broth at 28 C. For dip inoculation, leaves of the 5-week-old plants were dipped in a bacterial suspension of Pst DC3000 [1Â10 8 colony-forming units (cfu) ml -1 ] in 10 mM MgCl 2 containing 0.02% Silwet L-77 (Lehle Seeds). Alternatively, leaves were syringe inoculated with a bacterial suspension of 10 6 cfu ml -1 . The inoculated plants were kept at 100% humidity for 24 h and then raised in a growth chamber under the same condition as described above. Bacterial growth in the infected leaves of each plant was determined according to the method of Katagiri et al. (2002) .
Callose deposition assay
The callose deposition assay was carried out as described previously (Choi et al. 2011) . In brief, leaves was collected after syringe infiltration with flg22 (10 mM) and cleared with alcoholic lactophenol (1 ml of lactic acid, 1 ml of glycerol, 1 g of phenol and 1 ml of H 2 O). After a rinse in 50% ethanol and water, the leaves were stained in 0.01% (w/v) aniline blue in 0.15 M K 2 HPO 4 (pH 9.5) for 30 min in the dark. Samples were mounted in 25% glycerol, and callose deposits were observed under UV illumination using a Nikon eclipse 80i microscope with blue/cyan filter (Â10 magnification). The average number of callose deposits was counted using ImageJ software.
Stomatal aperture bioassay
The stomatal aperture bioassay was carried out as described before ) with the following modifications. Briefly, leaf peels were collected from rosette leaves of 5-week-old plants and floated in stomatal opening solution (SOS: 50 mM KCl and 10 mM MES-KOH, pH 6.15, 10 mM CaCl 2 ) in the light. Further incubation was performed for at least 3 h to reach a ratio of 80% open stomata in Arabidopsis Col-0 plants under our laboratory conditions. Buffer was replaced with SOS containing various concentrations of ABA, flg22 (5 mM), COR (0.5 ng) or bacterial cells (1Â10 8 cell ml -1 ) resuspended in water, or water as a control. Leaf peels were further incubated for various times. In each individual sample, 100 stomata were randomly observed under a Nikon eclipse 80i microscope and the width of individual stomata was recorded using Image J 1.46r (http://imagej.nih.gov/ij). Each experiment was performed in triplicate.
RNA isolation and qRT-PCR
Total RNA was isolated from the Arabidopsis leaf tissues treated with dehydration or infected with bacterial pathogen using an RNeasy Mini kit (Qiagen). To remove genomic DNA, all RNA samples were digested with RNA-free DNase. After quantification using a spectrophotometer, 1 mg of total RNA was applied to synthesize cDNA using a Transcript First Strand cDNA Synthesis kit (Roche) according to the manufacturer's instructions. In parallel, PCR was performed without reverse transcriptase and the products were then subjected to qRT-PCR to rule out the possibility of contamination by genomic DNA in the cDNA samples. The synthesized cDNA was amplified in a CFX96 Touch TM Real-Time PCR detection system (Bio-Rad) with iQ TM SYBR Green Supermix and specific primers (Supplementary Table S1 ). Every reaction was performed in three replicates. The PCR was programmed as follows: 95 C for 5 min, 45 cycles at 95 C for 20 s, 60 C for 20 s and 72 C for 20 s. The relative expression value of each gene was calculated by the ÁÁCt method (Livak and Schmittgen 2001) . The Arabidopsis actin8 gene was used for normalization.
Supplementary data
Supplementary data are available at PCP online. 
